Since their discovery in the early 1990's, carbon nanotubes (CNTs) have become the subject of numerous investigations into their electronic structure and energy spectrum parameters as well as their physico-chemical properties. Due to their high surface activity, nanotubes can be used as base components for the fabrication of various types of composites. However, along with carbon nanotubes, current research also focuses on theoretical and experimental investigation of non-carbon nanotubes, namely recently discovered boron-carbon nanotubes with different concentrations of boron in them (25 % or 50 %). This article presents the results of theoretical research into the properties of boron-carbon nanotubes (BCNTs) within the framework of an ionic-built covalent-cyclic cluster model and an appropriately modified MNDO quantum chemical scheme, as well as DFT method. The authors studied mechanism of Cl and O atoms sorption onto the external surface of single-walled armchair nanotubes. As result of the study, geometrical optimization of the sorption complexes was defined, and sorption energy values were obtained.
Introduction
Since their discovery in the early 1990's, carbon nanotubes (CNTs) have become the subject of numerous investigations into their electronic structure and energy spectrum parameters as well as their physico-chemical properties. Along with studies of nanotube properties researchers have begun to search for ways to modify NTs and fabricate structures that could possess new mechanical, electronic and other properties. Due to their high surface activity, nanotubes can be used as a base component for the fabrication of various types of composites. In particular, it was found out that pure carbon nanotubes might be used for gas storage because of their excellent adsorption properties [1] [2] [3] .
As the properties of pure carbon nanotubes are well known, the researchers decided to investigate other types of the nanotube-based structures. One of the most useful type of nanotubes is one based on boron carbide. Earlier studies have shown that the physical and chemical properties of boron-carbon nanotubes (BCNT) are better than those of the corresponding CNTs [4] [5] [6] [7] [8] .
The nanotube's adsorption process attracts the attention of our research group as well as other researchers around the world [9] [10] [11] [12] [13] . The calculations for the adsorption processes of the oxygen atom and O 2 molecule on the surface of BC 3 zig-zag nanotubes have been performed previously [14] .
Oxygen adsorption on the surface of BCNT
The possibility of interaction between an oxygen atom and the external surfaces of A and B type BC 3 nanotubes was studied. The calculations were carried out using a molecular cluster model with the semi-empirical MNDO scheme. As a cluster model of a boron carbon nanotube, a fragment that consisted of 30 atoms of boron and 90 atoms of carbon for A type, and 84 atoms of carbon and 36 atoms of boron for B type were chosen. There are four hexagon layers along the nanotube axis, and twelve boron carbon hexagons on its perimeter. The borders of the nanotube are isolated with pseudo atoms -hydrogen atoms. Length of bonds B-C, C-C and B-B totaled 1.44Å.
The different adatom orientations were simulated: for A type 1) above the boron atom, 2) above the carbon atom, 3) above the B-C bond, 4) above the C-C bond, 5) above the hexagon center, 6) above the B-B bond (see Fig. 1 ).
FIG. 1.
The different types of adatom orientation were simulated: for A type 1) above the boron atom, 2) above the carbon atom, 3) above the B-C bond, 4) above the C-C bond, 5) above the hexagon center, 6) above the B-B bond
In the first and second types of orientation, the oxygen atom approaches the surface of B or C atoms that are located in the center of the molecular cluster of boron carbon nanotube in order to avoid the influence of edge effects. The boron-carbon nanotube fragment with adsorbed oxygen atom is shown in Fig. 2 . The adsorption process was simulated by an oxygen atom in a step-wise approach to the nanotube surface with 0.1Å increments perpendicular to the axis of the nanotube. The geometry of the system was optimized at each step. The calculations allow one to generate potential energy curves for each type of nanotube (see Figs. 3 and 4) . Analysis of the energy curve shows that the oxygen atom is adsorbed onto the nanotube's surface. The minimum on the energy curve proves the fact of adsorption. The type of the bond between the adsorbed atom and the carbon atom of the nanotube surface is chemical. Therefore, the type of adsorption is chemical. The basic characteristics of these processes are shown in Tables 1  and 2 . The location of oxygen atom above the B-C for A type and B-B bond for B type is energetically favorable. Geometrical analysis shows that the approaching of the oxygen atom causes a surface deformation for the A type BCNTs. The boron and carbon atoms leave their usual location and approach the adsorbed atom. The chemical bond between oxygen atom and nanotube surface occurs at a distance of 1.3Å from the nanotube surface by means of so-called 'bridge structure'. Geometrical analysis of B type boron carbon nanotube shows that there is no adsorption above B-B bond at a distance of 3Å. Further approach causes boron atoms to leave their location: one boron atom penetrates 0.2Å inside the nanotube, and the other one approaches the adsorbed atom by 0.4Å. The oxygen atom bonds with boron atom at a distance of 1.5Å, and then this complex moves 0.5Å into the nanotube.
The adsorption processes for other types of adsorbed atoms were simulated in the same manner. The oxygen atom approached the fictive atom located above B-C, B-B, C-C bonds or above the hexagon center. The chemical adsorption for these variants is possible, and the energy curves have similar trends (see Figs. 3 and 4) . The basic characteristics of the adsorption processes are shown in Tables 1 and 2 . 
Chlorine adsorption on the surface of BCNT
The possibility of chlorine adsorption on the external surface of A and B type BCNTs was investigated in the same manner as the oxygen atom. The calculations were made using molecular cluster model with the semi-empirical MNDO scheme. The approaching of the chlorine atom and variants of adsorption were simulated in the same way as for the oxygen atom.
The calculations generated potential energy curves for chlorine adsorption onto the surface of a BCNT.
Analysis of the energy curves shows that there is no adsorption of the chlorine atom onto the external surface of the BCNT (Fig. 5) . There are two types of adsorption for the chosen atom: above the hexagon center for nanotube A type, and above the B-B bond for B type (Fig. 6 ). This type of adsorption is physical.
Geometrical analysis of the system shows that the interaction between chlorine atom and the nanotube surface begins at a distance of 2.5Å (Fig. 7) . Both boron atoms approach the chlorine atom. The chlorine atom moves to one of the boron atoms. The chemical bond between them occurs at a distance of 1.9Å. Then, the boron atoms return to their initial location. The length of the chlorine-boron bond is 1.2Å. Therefore, chlorine adsorption does not cause nanotube deformation.
The optimal adsorption distance and activation energy are represented in the Table 3 . 
Conclusion
The MNDO calculations for the adsorption of chlorine and oxygen atoms onto the BCNT surface were carried out. The most energetically favorable mechanisms for these processes were determined.
Oxygen and chlorine atoms were adsorbed onto the BCNT surface. It was determined that these processes depended on the orientations of atoms surface. There is a high possibility for the adsorption of oxygen atom when the adsorbed atom is located above the B-B bond for the B type BCNT and above B-C bond for A type.
There is a high possibility of adsorption of chlorine atom when the absorbed atom is located above the B-B bond for the B type BCNT and above the hexagon center for the A type.
